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Abstr act 



HY-SO steel is a high strength steel used by the U. S. 
Navy in constructing nuclear submarine hulls. Although not 
used in reactor component construction, the need to know the 
effects of neutron irradiation on its mechanical properties 
is evident because the steel will acquire a fast neutron 
dose over the lifetime of the vessel. Additionally, future 
construction of reactor vessels and components is expected 
to rely, to a higher degree, on the use of these high 
strength steel alloys. 

The mechanical properties of HY-80 steel is affected 
by neutron irradiation when bombarding neutrons collide with 
the material's atomic structure. Radiation defects caused 
by this damage then hinder or prevent dislocation movement 
through the structure, which in turn "hardens* 1 the steel. 

Previous research on this subject has concluded that 
irradiation levels on the order of 3 X iO 19 n/cm 2 can 
increase the steel's strength by as much as 50X, and raise 
its ductile-brittle transition temperature several hundred 
degrees. Few previous studies have shown measurable effects 
on the mechanical properties of HY— 80 steel if irradiation 
levels are below 1 X 10 10 n/cm 2 . 

The research discussed in this paper did find that 
irradiation levels of 5 X 10 17r n/cm 2 do result in measurable 
effects on the strength and hardness of HY— 90 steel , and 
that increasing irradiation fluence levels increases the 
magnitude of these effects. 
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I. INTRODUCTION 



Since the harnessing of the atom and the advent of 
nuclear power for peaceful purposes in electrical generating 
stations and propulsion plants, the effects of radiation on 
the structural materials that make up the reactor plants has 
played an important part in the design and construction of 
these nuclear reactors. It has long been known that 
irradiation alters the physical and mechanical properties of 
materials. For example, tests by various researchers over 
the years have shown that an accumulated dose on the order 
of 3 X 10 1<7 n/cm 2 can increase a steel's yield strength by 
as much as 50X , and raise its ductile to brittle transition 
temperature by as much as 200°F. When mechanical properties 
can be altered this much, the reasons behind the changes 
must be known. If the plant design engineers expect to do a 
good job of designing the plant and specifying material that 
will stand up to these irradiation effects, it is paramount 
that they understand in as much detail as possible how the 
nuclear radiation changes the properties of metals and 
alloys. They must also understand how much damage is done 
per unit of exposure of radiation and how this might change 
under varying conditions such as different temperatures or 
different chemical environments. 

The physical properties of a material that can be 
affected by nuclear radiation include density, elastic 
constants, stored energy, electrical resistivity, thermal 
conductivity, thermoel ectr i c effect, and coefficient of 
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thermal expansion- Mechanical properties that are affected 
by nuclear radiation include tensile strength, hardness, 
impact resistance, creep resistance, stress rupture failure, 
and fatigue. 

The damage that leads to the effects on these various 
physical properties is initiated by interaction between 
energetic subatomic particles and the components atomic 
structure. In terms of damage producing capabilities the 
most important nuclear particles are fission fragments and 
fast neutrons. Fission fragments are only pertinent within 
the fuel material itself while neutrons, due to their wide 
energy spectrum and ability to travel relatively large 
distances, are pertinent to all the reactor structural 
materials. Other energetic subatomic particles such as 
electrons, protons, alpha particles, and gamma rays, can 
also initiate damage in various materials; however, their 
contribution to the total damage is negligible when compared 
with fission fragments and neutrons. In regard to 
structural materials, the design engineer is mainly 
interested in the effects of neutron radiation on its 
mechanical properties. 

Considerable work and studies have been conducted on 
the effects on fuel materials, fuel cladding materials, 
structural materials used within the pressure vessel and 
primary systems, and on the various materials used to 
construct the reactor pressure vessel itself. Not only must 
the pressure vessel contain the high pressures normally 
found within a reactor, but it must also withstand numerous 



other stresses caused by plant transients, system 
hydrostatic tests, and plant cooldowns and heatups. 
Additionally, because it will accumulate a large neutron 
dose over the lifetime of the reactor , its ability to 
withstand these stresses, absorb the effects of this 
irradiation, and still safely contain the system i s of 
utmost importance in reactor design. Consequently, those 
materials and alloys used in reactor vessel construction 
have been extensively tested and evaluated. Less thoroughly 
tested have been those materials that receive much less 
radiation than the pressure vessel, but, nevertheless, still 
accumulate a neutron dose over the lifetime of the reactor. 

A prime example of this is the material used in constructing 
the pressure hull of a nuclear submarine. This material 
must be extremely strong, tough, and ductile in order to 
withstand the pressures of deep submergence and the 
possibilities of battle damage. That portion of the hull 
that surrounds the reactor compartment will, over the 
lifetime of the vessel, accumulate some total dose of 
neutron radiation. 

The material presently being used by the U. S. Navy in 
constructing nuclear submarine hulls is called HY— 80 steel, 
conforming to Military Specification, MIL— S— 16216J <SH> of 
10 April 1981 for n Steel Plate, Alloy, Structural, High 
Yield Strength (HY-80 and HY-100>“. As previously 
mentioned, the U. S. Navy primarily uses these high strength 
steels in the hulls of combatant ships and for other 
critical structural applications where a notch— tough , high 
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strength material is required. 

The expected lifetime of a submarine hull is about 
thirty years. It is the Navy's present policy that during 
this lifetime, the hull will not receive in excess of 10 17r 
nvt or neutron fluences, Cl 3. By keeping total fast 
neutron fluences under this level the Navy does not expect 
to see any detrimental effects on the mechanical properties 
of the hull due to this irradiation. Consequently, the 
primary and secondary shielding of the reactor plants are 
designed to ensure that total doses received by the ship's 
hulls are less than this figure. 

The remainder of this paper is divided into the 
foil owi ng sections: 

II. The Damage Mechanism 

III. The Effect on Mechanical Properties 

IV. Previous Research on HY-8G Steel 

V. Experimental Research and Results 

VI. Conclusions 

In Section II, the basic damage mechanism in steels 
will be examined. This paper will not attempt to explain or 
describe many of the technical and engineering aspects of 
the damage mechanism. There are many excellent references 
available, such as reference E23 to this paper , that cover 
these aspects in great detail- This paper will only cover 
some of the basic theories so that the reader will have a 
minimum under standi ng of radiation damage in order to better 
understand the resultant effects that it has on the 
mechanical properties of HY— 80 steel. 
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In Section III, the tests that are done to evaluate a 
metal's mechanical properties are discussed, followed by how 
radiation damage affects these properties. 

Section IV will cover previous research that has been 
conducted on neutron irradiation of HY-80 steel. The 
results of these studies and how the physical properties are 
changed will be discussed. 

Section V will discuss the research conducted by the 
author on HY—80 steel at the Pennsylvania State University's 
Breazeale Nuclear Reactor. It will look at how fast neutron 
fluences on the order of 5 X 10 17F and 1 X 10 10 n/cm 2 
affect the tensile, impact, and hardness properties of 
irradiated samples of HY— 80 steel. The experimentation 
conducted in this research was not all inclusive and 
included only a relatively small number of samples that were 
subsequently mechanically tested at only one temperature. 
Consequently , accurate estimates in the shifts of the 
duct i 1 e— br i tt 1 e transition temperature are not possible, nor 
is a full analysis of the effects on the irradiated samples 
possible. However, the experiment should show whether the 
expected change or trend in the change of mechanical 
properties does occur as a result of the neutron 
irradi at i ons. Experimental results do indicate a trend 
of increasing strength and hardness with increasing 
neutron f luence. 

In Section VI, the author will present conclusions 
drawn from the paper. 



II. 



THE DAMAGE MECHANISM 



This section discusses how damage occurs in metal, and 
covers the basic damage mechanism -from the atomic collision 
to how the detects congregate to -form clusters or depleted 
rones. It also covers recombi nat i on and recovery due to 
anneal i ng . 

Orlander, C23 , de-fines radiation damage as the 
primary, microscopic events that precede the appearance o-f 
gross changes in the solid. Radiation effects, on the other 
hand, are those macroscopic, observable, and often 
technologically crucial results of exposure of solids to 
energetic particles. In other words, the defects in solids 
caused by radiation damage produce the radiation effects. 

The difference between radiation damage and radiation 
effects can also be compared on a time scale. The initial 
collision between an energetic particle and an atom in a 
solid can be over in less than 10”* 11 seconds, and the 
resultant damage can be over in less than 10“* 3 seconds. 
Radiations effects; however, can take much longer periods of 
time. Radiation effects are not seen until a substantial 
amount of damage has occurred. Thus, depending on the 
growth rate of interstitial defects into clusters and 
depleted zones which cause the effects, it can take weeks or 
even months before measurable changes in the mechanical 
properties can be seen. 

The study of radiation damage is, in itself, an 
exhaustive and intensive field on which numerous volumes of 



literature has been written- In thorough studies the 
analyst will not only try to determine how the damage 
occurs, but he will also try to predict the number and types 
of detects occuring in the material, and how these defects 
will affect the material's properties- A comprehensive 
study such as this involves the physics of atomic 
collisions, the mathematics of probability theory, the 
engineering of nuclear science, the science of metallurgy, 
and many other disciplines, as well as the ability to tie 
these fields together and use the information to produce 
computer models designed to simulate radiation damage. 
Numerous models and computer codes have been developed over 
the years that do just that, and the majority of them 
support the basic concepts of radiation damage that will be 
covered in this paper. 

The major damage mechanism is the atomic collision 
between an energetic atom or subatomic particle and the 
structural atoms of the material or the different solute 
atoms of the alloying elements- The critical event is the 
collision between the particle and the atom- Upon this 
collision two events are then possible: a) the particle is 

captured by the atom, resulting in tr ansmutati on , or b) 
elastic type collision of the particle with the nuclei of 
the material- Neutrons can produce both such effects. 
Trudeau, l 3D; however, points out that the transmutat i on 
effects from neutron capture have negligible effects on the 
mechanical properties- For example, for most iron isotopes, 
which are converted to heavier isotopes of iron when 
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transmutated , in a thermal flux of 10 11 neutrons/cm 2 /sec the 
transmutation rate is about 0. 00001 E per year. For a -Fast 
-Flux, where the absorption cross section is even less, the 
transmutation rate is negligible. 

Elastic type collisions by energetic neutrons, 
therefore, are the major source of the radiation damage in 
reactor structural materials. These collisions can be 
crudely compared to a single billiard ball smashing into an 
ordered lattice of balls on a billiard table. Energetic 
neutrons, or fast neutrons, are those neutrons that have 
sufficient energy to cause atomic displacements. In 
ferritic steel, atoms are arranged in a body— centered-cubi c 
(bcc) lattice. The energy, Ed, required to knock an atom 
irreversibly out of its site inside the lattice is 
comparable to, but larger than its binding energy. A. H. 
Cottrell, C4I, reports that both theory and experiment has 
shown that, typically, Ed is about 25 ev. To impart a 
recoil energy of 25 ev to an iron atom, the much lighter 
neutron must have an energy of about 360 ev , C33. Fast 

neutrons are generally defined as those over the threshold 
energy of 1 Mev. Thus, all fast neutrons have more than 
sufficient energy to cause radiation damage. A direct hit 
by a 1 Mev neutron would impart about 60,000 ev of recoil 
energy to an iron atom, C33. This is obviously more than 
enough to violently disrupt the atomic lattice, resulting in 
additional displaced atoms and considerable vibration as the 
energy dissipates. 
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A displaced atom in a crystal lattice is known as a 
point de-fect. The initial atom, displaced by the neutron, 
is known as the primary knock— on atom or PKA. The 
collection o-f point de-fects created by a single PKA is known 
as a displacement cascade- Orlander, C2D, points out that 
one o-f the earliest and simplest theories on displacement 
cascades was proposed by Kinchin and Pease, C71. Their 
analysis is based on the -following assumptions: 

1- The cascade is created by a sequence o-f two 
body elastic collisions between atoms. 

2- The probability o-f displacement is given by 
the -following equations. 

P(D> = 0 (-for E < E*> 

P (D) = 1 (-for E > Ec*> 

- where E is the energy imparted to the 
collision atom by the incoming neutron. 

- Ecj is the displacement threshold 



energy. 

3. The energy Ec» consumed in displacing an atom 
is neglected in the energy balance o-f the binary collision 
that transfers kinetic energy to the struck atom. 

4. Energy loss by electron stopping is treated 
by the cutoff energy o-f the -following equation. 

E c = 10 3 * Mi (ev) , where M x is the mass o-f 

the atom. 

- It the PKA energy is greater than E c , then 
no displacements occur until electronic energy losses reduce 
the PKA energy to Ec=. For all energies less than E<= , 
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electronic stopping is ignored, and only atomic collisions 
take place. 

5. The energy transfer cross section is given 
by the hard sphere model . 

6. The arrangement of the atoms in the solid is 
random; effects due to crystal structure are neglected. 

The PKA, after it has been initially displaced, 
recoils through the lattice as a fast moving ion. The PKA, 
being an iron atom and because of its electrically charged 
nucleus, interacts with the electrons of the atoms which it 
passes. The PKA loses energy through this electron 
interaction as long as its energy is greater than E c . This 
energy imparted to the electrons is rapidly converted into 
heat with little or no permanent damage done to the metal. 
The PKA continues on until its energy is less then E<= , at 
which time it will now interact with other atoms through 
direct collisions. This will continue until the PKA 
dissipates all of its energy and it comes to rest, crowded 
into the interstices between the other atoms in the lattice. 
It may also come to rest in the vacancy site left by another 
atom. The vacant lattice site that is left behind by each 
interstitial atom is called a vacancy. Vacancy— i ntersti ti al 
pairs are often called Frenkel defects or pairs. Frenkel 
defects can cause changes in both the mechanical and 
physical properties of the material. 

A displacement spike results when the PKA atom and all 
subsequent recoiled atoms in the collision cascade have 
dissipated all of their energies and have become 
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interstitials in the metal. Figure 1 shows a simple diagram 
of a basic displacement spike. This displacement spike 
model was first introduced by Brinkman, C5] , in the mid 
1950s. 



X 



Fig. 1 A spike of displaced atoms (x) and vacancies (o) 
(Ref. C41> 

The displacement spike is the result of the cascade of 
displaced atoms forming interstitials surrounding a hollow 
core of vacancies or a depleted zone. A more detailed 
version of the basic displacemnt spike is shown in Figure 
2. Both Figure 1 and Figure 2 represent simplistic models 
of a displacement spike- Examining these figures it would 
seem obvious that the conf i gurat i on would be unstable and 
that many of the interstitials and vacancies would combine, 
although certainly not all of them. Seeger , Z61 , improved 

on Brinkmans model of the displacement spike by accounting 
for the effect of focussed collision sequences where atoms 
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struck by the PKA travel longer distances- Seeger's version 
o-f a displacemnt spike is shown in Figure 3. 
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Original version o-f a displacement, spike (Ref. C2H) 
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•DEPLETED ZONE 
Later version o-f a displacement spike (Re-f • C2D) 



In Figure 3 we again have a shell of interstitial 
atoms surrounding an area of vacancies, but in this model 
the interstitials are further displaced from the vacancies, 
and, accounting for recombinat i ons of Frenkel pairs, there 
are fewer i nter st i t i al s and vacancies- Seeger called the 
area of vacancies the depleted zone. 

Focussing is a process by which struck atoms travel 
greater distances than basic collision cascade theory would 
predict. Focussing refers to the transfer of energy to 
atoms by nearly head-on collisions along a lattice row of 
atoms. Channeling is the compl ementary process to focussing 
where atoms are able to move long distances in the solid 
along open directions in the crystal lattice. In looking at 
these processes it is easy to see why channeled or focussed 
atoms would make up a disproportionate amount of the final 
intersti tial s of a collision cascade. Atoms moving along a 
crystal 1 ographic direction favorable to channeling will lose 
their energy only by glancing collisions with the 
surrounding atoms along the channel. Many of these 
glancing collisions will result in an energy transfer which 
is less than Ed. This results in more energy being lost by 
the channeled atom in subthreshold collisions than would be 
predicted by the cascade theory. Also, these atoms will be 
able to travel much longer distances before dissipating 
their energies and settling into interstitial sites. 

Because of the greater distances traveled, focussed atoms 
represent a large percentage of the i nter st i t i al s that 
escape recombination with the vacancies of the cascade. 



Figure 4 shows the basic concept o-f the -focussed collision. 
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Sequence o-f 


-focussed col 1 i si ons 


(Ref. 


C43 ) 


The neutron 


that initiated 


the 


-first PKA will 


then 



continue to interact with other lattice atoms, initiating 
additional PKAs until its energy is below the threshold 
required to displace atoms. 

These interacting -fast neutrons will generate various 
types o-f simple defects. These include point defects, 
impurity atoms (atomically dispersed tr ansmutati on 
products), small vacancy clusters (depleted zones), 
dislocation loops (vacancy or interstitial type), 
dislocation lines (loops that have joined the dislocation 
network o-f the original microstructure) , cavities (voids) , 
and preci pi tates. The simple point defects, or Frenkel 
pairs, are the simplest radiation defects. A crowdion is an 
interstitial atom in the atomic lattice that -forms a close 
packed line with the original lattice atoms- When a 



collision cascade is produced in a metal at a temperature 
greater than absolute zero, thermal motion of the point 
defects will produce recombinations and Clustering- 
Clustering, the process where point defects cluster 
together, is produced when the inter sti t i al s or vacancies 
diffuse into each other- Continued motion or diffusion is 
then blocked by the presence of the other defects. 

□rlander, C2D, reports that only about 7% of the vacancies 
present in the cascade, whether clustered or not, survive 
the initial annealing period as monovacancies. The rest, 
about 13/1 of the original quantity, are contained in 
clusters of four or more vacancies- This initial annealing 
period during which the spike matures into a more or less 
stable entity requires from lO -7, to 10“ A seconds. 

Naturally, the higher the temperature the irradiated metal 
is at, the faster and more complete will be this annealing 
effect- What remains after the initial collision cascade 
and subsequent annealing period is a collection of 
practically immobile clusters of interstitial atoms and 
vacancies and a few sluggish monovacanies. The clusters may 
either very slowly atrophy by thermally shedding point 
defects or grow by accretion of mobile point defects from 
the environmnet or other nearby cascades, C23- Line defects 
are defects where a loop is formed by a series of point 
defects- The line defect then moves through the lattice as 
a single larger defect. 

A schematic representation of the successive steps 
leading to measurable damage in solids due to fast neutrons 



is given in Figure 5. All theories of radiation damage 
follow this basic block diagram. The more advanced and 
technical theories just include more variables along the 
path to account for realistic and actual conditions. 
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Fig. 5 Schematic diagram of the damage mechanism in a 
neutron-irradiated sol id (Ref . E83 > 



All defects have the ability to move through the 
material. In order to move, energy is required to overcome 
the binding energies holding the defect in place. This 
energy can be applied thermally or by outside forces or 
stresses. A piece of steel at normal room temperature has 
more than sufficient thermal energy to move defects. 
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Theoretically, thermal atomic motion is possible at all 
temperatures above absolute zero. Additionally, a normal 
piece of metal also has numerous physical stresses on it 
that can move these defects or dislocations. Manufacturing 
stresses or mechanical stresses applied during construction 
also provide energies to move defects. Thus, after forming, 
defects may move around until they reach a barrier or sink 
of some kind that stops its movement. Typically, the sink 
that stops or pins these defects, whether interstitial or 
vacancy, are clusters of defects, depleted zones, grain 
boundaries, or impurity atoms in the base metal lattice. 
Bush, C8U, points out that impurity atoms in alloys play a 
major role in cluster formation, and such effects should 
increase the level of damage assumed from a depleted zone 
model. Diehl and Seidel, C9U, report that in bcc metals, 
the influence of interstitial additions on the irradiation 
hardening is very pronounced even if the concentrat i ons of 
these additions are very small. Thus, an alloy such as 
HY-80 steel that has many alloying atoms in its basic iron 
matrix has the potential of pinning many radiation defects 
and of providing numerous sites for clustering. Of course, 
it is these same alloying impurity atoms that were purposely 
added to the iron in order to enhance or change some of its 
mechanical or physical properties so as to provide a 
material most suited for its intended purpose. 

Alloying elements are generally added to increase the 
strength and hardness of a material. This is accomplished 
through the distortion of the lattice structure caused by 



the alloyed atoms- The lattice distortion creates a strain 
along slip planes and grains of the material, which result 
in the increase of strength and hardness. 

HY-80 steel is classified as a Ni ckel -Chromi um- 
Molybdenum steel although it also has other alloying 
elements in it- Neely, C10U, states that chromium is 
generally added to improve corrosion resistance, nickel is 
added to increase ductility and corrosion resistance, and 
molybdenum is used to promote deep hardening and to increase 
tensile strength and hardness. 

When discussing radiation damage one must also include 
comments on recovery- Recovery is the annihilation of the 
Frenkel pairs due to recombination or replacement 
collisions- As mentioned earlier, a high percentage of 
defects recover almost immediately- This is especially 
valid for those materials at the usually high reactor 
operating temperatures - A small percentage will be trapped 
in sinks such as impurity atoms, clusters, dislocations 
loops, or grain boundaries- Cottrell, C41, states that in 
alloys the recovery from radiation damage tends to be spread 
out to somewhat higher temperatures because the point 
defects get trapped at foreign atoms- The number of defects 
retained will be a function of metal purity, crystal 
structure, and specimen temperature- The retained defects 
will be more stable and therefore tend to have a greater 



effect on mechanical properties- 



III. 



THE EFFECTS ON MECHANICAL PROPERTIES 



The major mechanical properties that are a-ftected by 
neutron irradiation are tensile strength, hardness, impact 
resistance, creep resistance, stress-rupture -failure, and 
-fatigue. This section discusses the tests performed on a 
material to measure the -first three o-f these properties - 
tensile, hardness, and impact. These tests include the 
tensile test, the Charpy V-notch test, and the Rockwell 
hardness test. The properties measured by these tests 
include yield strength, ultimate temsile strength, hardness, 
and impact toughness. Additionally, the method ued to 
determine the ducti 1 e-to-br i ttl e transition temperature -from 
the Charpy impact test is discussed. Finally, the methods 
by which materials de-form are covered, as well as how this 
de-formation is affected by radiation defects. 

The strength of a metal is its ability to resist 
changing its shape or size when external forces are applied 
to it. There are three basic types of stresses: tensile, 

compressive, and shear. The strength of materials is 
expressed in terms of pounds per square inch (psi ) . This is 
called unit stress which is equal to the load divided by the 
total cross sectional area to which the load is being 
applied. When stress is applied to a metal, the metal 
changes shape. For example, a metal in tension will stretch 
longer, and one in compression will shorten. The change in 
shape is called strain and is expressed in terms of inches 
of deformation per inch of material length. 



The tensile test of a material is performed on a 
tensile tester which is a machine that applies a tensile (or 
pulling) load to a standardized specimen. The tester, as it 
applies the load, also charts the load versus the strain 
until the sample breaks. Figure 6a shows three 
representati ve stress-strain curves; one for a high carbon 
steel , one for a structural steel , and one for pure iron. 
Fig. 6b shows a typical stress-strain curve for a general 
ferritic steel. 

The center curve of Figure 6a is for a structural 
steel and is similar to what should be seen for a high 
strength steel such as HY-80. As can be seen in the figure, 
several mechanical property char acter i st i cs can be 
determined. These are: 

a = the elastic limit, also called the 
proportional limit. It is the greatest load a material can 
withstand and still spring back to its original shape when 
the load is removed. 

b = the yield point, also called the yield 
strength. It is a point slightly higher than the elastic 
limit. For most cases, they can be considered the same. 

The allowable safe load for a metal in service should be 
well below the elastic limit or the yield point. 

c = the ultimate strength, also called the 
ultimate tensile strength. It is the highest strength that 
a metal exhibits after it begins to deform plastically under 



1 oad . 



Load (unit stress) 




(6a) Stress-strain diagrams (Re-f. C10D) 




(6b) Stress-strain curve -for a -ferritic steel (Re-f.EZH) 



Fig. 6 Representative Stress-strai n curves (Ref. C2,101) 



d = the breaking point. It is the point or 
strength where rupture o-f the material occurs. It usually 
occurs either at the peak o-f its ultimate strength or at a 
point o-f -further elongation and at a drop in stress load. 

Figure 6b is similar to Figure 6a, but it shows a 
little more detail in the curve. Notice that it shows an 
upper yield point, U , as well as a lower yield point, L. 

The point U is the same as the point b as depicted in Figure 
6a. After the initial yield, the load drops with increasing 
elongation to the point L. The reason -for this sharp yield 
point is attributed to the pinning o-f dislocation lines by 
impurity atom (principally carbon) strings along the line. 
For de-formation to occur, dislocation lines must move 
through the medium along its slip planes. Stress -fields 
around dislocation lines can attract impurity atoms. These 
atoms, in turn, act to pin the dislocation and prevent it 
-from moving. Thus, additional stress is required to start 
the dislocation moving. Once -free -from the pinning action 
o-f the impurity solute atoms, the dislocation can move at a 
lower stress, which causes the drop in the yield stress -from 
U to L. For a short interval -following point L, plastic 
de-formation proceeds with no increase in load. This 
interval is called the Luders strain. Following the Luders 
strain is the work-hardening or strain-hardening region. In 
this region the stress required to produce -further strain 
increases because the material becomes stronger as a result 
o-f the de-formation process. 






The elastic range and plastic range of a metal can 
also be seen on the stress-strain diagram. Figure 7 shows 
an example o-f this. 




Fig. 7 Stress-strain diagram -for a ductile steel (Ref.ClOl) 

For the steel in question, HY-80 steel, the minimum 
yield strength is 80,000 psi . In other words, the yield 
strength -for the specimens o-f HY— 80 steel that are to be 
tested should not be less than 80,000 psi. 

Hardness is the property o-f a metal that measures its 
ability to resist being permanently deformed by penetration. 
The amount of penetration decreases as the hardness of the 
specimen increases- Generally, the harder the material, the 
greater is its tensile strength. Thus, we would expect to 



^ee the same trends, a-fter irradiation, in hardness as we 
would see in tensile strength- Rockwell and Brinell 
hardness testers are the most commonly used types o-f 
hardness testers -for industrial and metallurgical purposes. 

The Rockwell hardness test is made by applying two 
loads to a specimen and measuring the difference in depth o-f 
penetration between the minor and the major load- The 
difference is measured on arbitrary scales that are accepted 
worldwide and called Rockwell A, B, or C scales- The 
Rockwell C scale is the scale generally used -for hard 
materials such as structural steels. 

The impact property o-f a metal is a measure o-f its 
ability to resist rupture -from impact loading- It is 
generally known as toughness or notch-toughness o-f the metal 
because the test specimens have a pre-cut notch in them. 

The standard testing machine is called the Izod-Charpy 
machine and it consists o-f a weight on a swinging arm- The 
arm or pendulum is released, strikes the specimen, and 
continues to swing -forward- The amount o-f energy absorbed 
by the breaking specimen is measured by how -far the pendulum 
continues to swing- A brittle material is one that absorbs 
very little energy before breaking while a tough material 
would require a large expenditure o-f energy to break it. 
Hertzberg, C 1 1 U , points out that -for an unnotched tensile 
bar, the energy to break the specimen may be estimated -from 
the area under the stress-strain curve- The basic -formula 



-for this is represented as -follows: 



energy 



c~ _ 



where 




strain 

stress 



Thus, by measuring the toughness, we obtain another 
piece of information about a material's mechanical 
properties. Figure 8 shows three stress-strain curves with 
their representat i ve toughness indicated by the shaded areas 
under the curves. 
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Fig. 8 Stress-strain curves showing toughness (Ref. C11D) 



Curve A in Figure 8 represents a strong material with 
little plastic de-formation. Curve B represents a low 
strength but highly ductile material. Curve C represents a 
material with an optimum combination o-f strength and 
ductility -for maximum toughness. Curve C is similar to what 
would be seen in a high strength structural steel such as 
HY— 80. 

Brittleness is a term to describe the property o-f a 
material that -fails with little or no plastic deformation. 

It is the property opposite to plasticity. Cottrel 1 , C4U, 
reports that except -for f ace-centered-cubi c (fee) metals, 
virtually all solids become brittle at low temperatures. 

The transition -from ductile behavior to brittle 
behavior generally occurs in a narrow range o-f temperature 
so that it is possible to characterize a material by a 
certain transition temperature. Below the temperature the 
material exhibits brittle behavior, and above the 
temperature it exhibits ductile behavior. This temperature 
is called the ducti 1 e-to-br i ttl e transition temperature 
(DBTT) and generally it is in the range o-f -50 to +20 
degress Celsius -for unirradiated mild steels, C23. In the 
tensile test, brittleness can be correlated to the reduction 
in area o-f the specimen before breaking. A brittle specimen 
would have little or no reduction in area prior to breaking, 
while a ductile specimen would have considerable reduction 
in area. In the Charpy impact test brittleness can be 
correlated to the amount o-f energy absorbed prior to 
-fracture. As stated before, a brittle material is one that 



absorbs very little energy prior to rupture. Consequently, 
the Charpy impact test can be used to determine the ductile- 
to-brittle transition temperature o-f a metal. By conducting 
the impact test at a wide range o-f temper atures , a graph o-f 
energy absorbed versus temperature is developed. Figure 9 
shows a sample transition temperature curve -for a steel. It 
also shows a curve relating the reduction in area during a 
tensile test conducted at di-f-ferent temperatures . The 
transition temperature -for this example would be about 
320°K. This corresponds to an energy absorbed o-f about 30 
FT. LBS. or 40.7 Joules, which is arbitrarily used to 
separate ductile and brittle regimes, [23. The ni 1 -duct i 1 i ty- 
temperature (NDT) , below which the metal appears brittle 
even in plain tensile tests and the reduction in area drops 
sharply to almost zero, correlates well with the DBTT , and 
the two terms are used i nterchangeabl y . 




Fig. 9 Ducti le-bri ttle transition (Ref. C43) 



Even prior to irradiation, metals are marred by a 
variety of defects that are produced during formation of the 
grains from the original melt or by working or deforming the 
material. These include point defects, dislocations, and 
grain boundaries. 

The point defect is an imperfection associated with 
one or perhaps two lattice sites. Point defects include 
vacancies, interstitial atoms, and impurity atoms. The 
vacancy and the interstitial are intrinsic point defects 
since they do not depend upon the presence of a foreign 
substance as does an impurity. Thermodynamically, a perfect 
crystal is possible only at 0°K; therefore, vacancies and 
interstitials must exist in any crystal. Impurity atoms in 
a crystal lattice behave much as do i nterst i t i al s and 
vacancies. Some impurities are a result of the normal 
manuf actur i ng process where it is nearly impossible to keep 
all unwanted impurities out, but many impurity atoms are 
purposely added as alloys in order to enhance the base 
crystals physical or mechanical properties. Point defects 
are of concern to the study of irradiation effects because 
their presence controls the mobility of atoms in a solid 
which in turn affects the mechanical properties and response 
of the material. 

A grain boundary is the surface separating different 
grains. Grains are the individual crystals that are formed 
during the solidification of the liquid in the manuf actur i ng 
process. Under ordinary manuf actur i ng conditions, many 
nuclei are formed and grow into many adjoining crystals to 



make up the polycrystalline structure. These crystals grow 
until they encounter adjacent crystals at their boundaries. 
A grain boundary is no more than a -Few atoms thick — just 
enough to adjust -For the mi sor i entat i on o-F the lattice 
structures o-F the neighboring grains. Figure 10 shows a 
simple diagram depicting a polycrystalline substance. The 
solid continuous line between the crystals in Fig. 10b are 
the grain boundaries. 



Fig. 10 Formation o-F dendrites (a) leading to a poly- 
crystalline structure (b) (Re-F. C4U) 

Figure 11 shows a close up view o-F the two general 
types o-F grain boundaries between like crystals. Small— 
angle boundaries, Fig. lib, are tilted only a -Few degrees 
and are composed o-F a nearly parallel stack of edge 
di si ocat i ons . Large— angle grain boundaries, Fig. 11a, are 
tilted by angles of mi sor i entat i on greater than 20 degrees. 
Large-angle grain boundaries provide larger gaps in the 
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(b) 
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crystal lattice to which interstitials and impurities can 



collect. Grain boundaries not only can collect other 
defects that can affect the mechanical properties of the 
material, but their own orientation and surface energies 
also contribute to the character i st i cs of the substance. 








Fig. 11 Grain-boundary models: (a) Large— angle grain 

boundary (b) Small-angle grain boundary 
(Ref. C21) 

A dislocation is a lattice line defect that defines 
the boundary between slipped and unslipped portions of a 
crystal . There are two basic types of dislocation defects. 
These are the edge dislocation and the screw dislocation. 

The edge dislocation is defined by the edge of the 
extra half plane of atoms as shown in Figure 12, C 1 1 1 . Note 
that the extra half plane is wedged into the top half of the 
crystal. This lattice distortion creates a very high energy 



region in the area of the dislocation. 




Fig. 12 Edge dislocation lattice defect caused by 
introduction of extra half plane of atoms 
(Ref. Cl 13) 

The screw dislocation is so named because of the helical 
pattern, resembling a ramp, which is described by the 
continued rotation of the dislocation into the crystal . A 
diagram of a screw dislocation is shown in Figure 13. 

Edge and screw dislocation can combine to form what is 
called a dislocation loop. The dislocation loop does not 
need to be straight and it need not terminate on an external 
surface of the crystal . A dislocation loop can reside 
completely within the crystal , and the loop can move as a 
single entity through the crystal as do single edge or screw 
di si ocat i ons. 
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Fig- 13 



The screw dislocation (Re-F. C23) 



Dislocation theory was introduced to explain why it 
took much lower stress to de-form a crystal than theory 
predicted -for that perfect crystal- It is the movement o-f 
dislocations in and through various slip planes that leads 
to deformation. Slip is the movement a crystal makes along 
a particular crystal 1 ographi c plane when sufficient -force is 
applied- Figure 14 shows the basic mechanism o-f how slip 
leads to plastic deformation- A unilateral tensile force is 
applied to the crystal resulting in slip and subsequent 
deformation- In bcc crystals slip occurs in the (110), 

(112), and (123) planes, C21- Additionally, slip occurs in 
the C111D direction for bcc materials- Figure 15 shows a 
diagram of a bcc crystal with a slip plane designated- 
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Figure 14 



Plastic de-formation o-f 



a single crystal 



(Re-f . E2D ) 




Figure 15 



Slip planes and slip direction in bcc crystals 
(Re-f. C21) 






It is the movement o-f dislocations along their slip 
planes that lead to deformation if sufficient stress is 
applied- As the dislocations move along their slip planes, 
their movement can be hindered or stopped by obstacles in 
the material- These obstacles can be grain boundaries, 
point defects, other dislocations, clusters of vacancies, 
preci pi tates , or alloying interstitial atoms. If plastic 
deformation is to occur or continue, energy is required to 
move a dislocation over, around, or through an obstacle 
that may be blocking its path. Often, thermal energy is 
sufficient to provide the necessary additional energy to 
keep the dislocations moving. This is why at higher 
temperatures one generally finds materials to be more 
ductile. This additional stress required to keep the 
dislocation moving is a measure of the increase in strength 
of a material caused by the presence of the defects. When 
the material reaches a point where all the dislocations are 
pinned or clustered together such that they can no longer 
move, then further plastic deformation is not possible. 
Breakage of the material will occur if the stresses continue 
to increase. 

As stated earlier, dislocations can overcome some 
obstacles in their paths by various mechanisms if there is 
sufficient energy available. Some of the mechanisms 
employed by the dislocations to overcome barriers include 
glide, climb, cross-slip, and looping. Detailed 
explanations of these phenomena can be found in references 
C 41 and C 1 1 □ , or in most metallurgy textbooks. 



As discussed above, the presence of obstacles hinders 
the movement of di si ocat i ons , requiring additional energy to 
maintain plastic deformation. This then results in 
strengthening or hardening of the material. The presence of 
radiation defects provide the same results as do natural 
defects in a material. The radiation defects act as 
obstacles to dislocation movement; therefore strengthening 
or hardening the material. The term "radiation hardening" 
is often used to describe this process. Point defects and 
impurity atoms are believed to contribute negligibly to 
hardening compared to the effect of the larger defect 
clusters, l 23. At the same time, the presence of radiation 
defects can lead to embrittlement of the material by 
preventing any plastic deformation prior to failure. The 
term "radiation embrittlement" is often used when discussing 
the effects of neutron radiation on various materials. 

Generally, researchers have found that neutron 
irradiation raises the yield strength and the 
ductile-brittle transition temperature- At the same time, 
there is a correspondi ng decrease in tensile ductility and 
Charpy impact shelf energy, C 1 1 3 - Figure 16 is a diagram 
showing irradiation-induced changes in Charpy impact 
response for a typical reactor-vessel steel. Note, that the 
higher fluence levels cause greater embrittlement. Although 
the exact cause of this embrittlement is not clearly 
understood, it is believed to be related to the interaction 
of dislocations with defect aggregates, such as solute atom 
vacancy clusters that are generated by neutron bombardment , 



Charpy V— notch energy 



E11j. Studies have also shown that the extent of 
irradiation damage depends strongly on the irradiation 
temperature, with more damage accompanying low temperature 
neutron exposures. 




Fig. 16 Transition temperature shift resulting -from 
neutron— i rradi at i on (Ref. E 1 1 3 > 



Figure 17 shows a diagram relating the effects of fast 
neutron fluence on the increase in the ni 1 -ducti 1 i ty- 
temperature of low carbon steels that were irradiated at 
various temper atures. Notice that increasing the fluence 
increases the NDT , and that the irradiation temperature 
plays a strong role in the extent of the NDT change. The 
higher the irradiation temperature, the less the increase in 
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NEUTRON FLUENCE, neutrons/cm2 (>i MeV) 

Fig. 17 Effect of fast neutron fluence on the increase 
in the ni 1 -duct i 1 i ty-temper atur e (Ref. C2U) 



Radiation hardening usually means the increase in the 
yield stress and the ultimate tensile stress as a function 
of fast neutron fluence. In both austenitic and ferritic 
steels, irradiation increases the yield strength much more 
than it does the ultimate tensile strength (UTS). This 
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approach o-f the yield strength to the UTS is responsible -for 
the ductility loss that is also -found with increasing 
f luences, C23. Figure 18 is a diagram showing the effects 
o-f -fast neutron fluences on the tensile properties o-f 
steels- The increasing f luence effects are shown in the 
upper three curves- Note that the uppermost curve shows a 
case where the yield strength and the UTS coincide- This 
specimen would be very brittle- This could also be deduced 
by the small area under the curve, indicating a material 
that is not very tough - 




Fig. 18 E-f-fect o-f -fast neutron irradiation on the tensile 
properties of reactor steels (Ref- C23) 
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In brie-f summary, radiation strengthens a metal in two 
different ways, C21. 

1. It can increase the stress required to start 
a dislocation moving on its glide plane. The resistance to 
dislocation startup is called source hardening. The applied 
stress required to release a dislocation into its slip plane 
is called the unpinning or unlocking stress. 

2. Once moving, dislocations can be impeded by 
natural or radiation produced obstacles close to or lying in 
the slip plane. This is called -friction hardening. 

In addition to increasing the yield strength with 
irradiation, the ductility is also reduced. These 
radiation effects can be reduced by natural annealing i -f the 
irradiation occurs at elevated temperatures , or by -forced 
annealing by raising the irradiated component's temperature 
to higher levels. 

For the case o-f the HY— 80 steel in the hull o-f a 
submarine where it is subjected to sea temperatures ranging 
-from about 32 a F to 90°F, which are relatively low 
temperatures , one would not expect a significant amount o-f 
annealing to take place. Consequently, the majority of 
induced radiation defects will remain in the hull throughout 
the lifetime of the vessel. 
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IV 



PREVIOUS RESEARCH ON HY-80 STEEL 



This section discusses previous work done by several 
different researchers on the irradiation effects of fast 
neutrons on HY-80 steel- It covers the results of these 
studies and how mechanical properties changed due to the 
neutron irradi at ion. 

HY-80 and similar strength Ni-Cr-Mo steels are used by 
the Navy and industry in applications where a strong, tough 
material is needed. To date, these steels have not been 
used for the construction of reactor pressure vessels. 
Instead, the steels normally used for pressure vessel 
construction include A302-B, A212-B, A201 , SA336 , and other 
steels of similar composition. Because HY— 80 steel is not 
used directly in the construction of reactor components, 
there has been only limited research done in studying the 
effects of neutron irradiation on its mechanical properties. 

Those steels commonly used in pressure vessel 
construction have been studied thoroughly concerning the 
effects of irradiation on their mechanical properties. The 
Ni-Cr-Mo steels have been studied much less, and available 
data on them is not as numerous as that on the pressure 
vessel steels. However, as the nuclear industry looks at 
the use of more fast reactors and possibly the use of fusion 
in the future, the need to know more about the higher 
strength steels and their potential applications is very 
important . 

The Military Specification for HY— 80 steel, C123, 



lists the chemical composition specifications for HY-80 
steel plate as shown in Table 1- For comparison, the 
composition of a A302-B steel is also listed- As can be 
seen, HY-80 is considered a Ni-Cr — Mo steel due to the higher 
levels of those elements in its composition. 

Table 1 Composition of HY-80 and A302-B Steel (X) 



El ement 


HY-80 


A302-B 


Carbon (C) 


0. 10 - 0.20 


0.26 


Manganese (Mn) 


0. 10 - 0.45 


0.76 


Phosphorus (P) 


0.020 


0.011 


Sulfur (S) 


0.002 - 0.020 


0.031 


Si 1 i con (Si ) 


0. 12 - 0. 38 


0.24 


Nickel (Ni ) 


2.45 - 3.32 


0.22 


Chromium (Cr) 


1.29 - 1.86 


0.20 


Molybdenum (MO) 


0.27 - 0.63 


0.02 


Iron (Fe) 


Remaining 


Remaining 



The emphasis of radi at i on— effect studies on steels has 
been placed primarily on the determination of changes in 
notch— duct i 1 i ty. The largest impact here is the shift that 
the change in the notch-ductility has on the ductile-brittle 
transition temperature (DBTT) . For steels irradiated at 
less than 450°F , a relatively consistent increase in 
ni 1 — duct i 1 i ty temperature (NDT) is observed with increasing 
neutron exposures in the range 2 X 10 1Q to 3 X 10 1C? n/cm2 



<> 1 Mev) . Steels that are irradiated at 510° and 550°F 
show an increase in NDT which is 75° to 100° less than the 
NDT increases -for the lower temperature i rr adi at i ons , C131- 

Figure 19, “from Ref - C133, shows the relationship of 

the initial NDT values for various steels to normal reactor 
startup and operating temper atur es. It can be seen that 
HY-80 steel has a considerably lower NDT than the steels 
used in pressure vessel construct i on . It can also be seen 
that because of the low NDT values for HY-80, its 
application for use in ships' hulls is ideal because sea 
water temperatures will seldom be below about 32°F. After 
irradiation, however, if the amount of fast neutron fluences 
is high enough to shift the DBTT to a point approaching or 
beyond the freezing point of water, then there would be 
valid reasons for concern for the integrity of the hull and 
the safety of the boat- It can also be noted in Figure 19 
that the steels presently used in pressure vessel 
construction would not be suitable for use in constructing 



ships' hulls- 
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Fig. 19 Relationship of initial NDT o-f various steels to 
reactor startup and operating temperatures 
(Re-F. C13D) 



The U. S. Navy Research Laboratory (NRL) in 
Washington, D. C. has carried out extensive tests on the 
irradiation effects on the steels used in pressure vessel 
construction. Included in these tests have been samples o-f 
HY— 80 steel -for comparison purposes and to see any 
applicability o-F HY-80 -For pressure vessel use. Figure 20 
is a graph showing the increase in the NDT temperature as a 
result of irradiation below 450°F -for several steels, 
including HY-80, -from testing conducted at NRL. 




Integrated Neutron Exposure, n/cm2 >i Mev 



Fig. 20 Increase in the NDT resulting from irradia- 
tion below 450°F (Ref. C31) 



It can be noted that for the same fluence the HY-80 ' s 
shift in NDT is less than that for the other steels shown. 
This would indicate that HY-80 is less sensitive to the 
irradiation effects than the other steels. It can also be 
noted that detectable shifts in the NDT do not appear to 
occur until total neutron fluence reaches a level of around 
3 X 10 1Q n/cm 2 . The 450°F figure is significant because at 
temperatures less than this no appreciable lessening of 
radiation effects seems to occur, C3D. This means that 
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recovery due to either self or induced annealing does not 
occur to any measurable amount at these lower temperatures. 

A more generalized graph, showing a larger collection 
of data from other sources, is depicted in Figure 21. This 
graph of the increase in DBTT versus neutron exposure 
supports the conclusions drawn from Figure 20. 




Fig. 21 



Effect of 
of carbon 
(Ref. C33 



neutron radiation on the notch-toughness 
and alloy steels irradiated below 500°F 



As seen in Figure 21, the shift in DBTT does not 
appear to occur until f luences approach levels around 
1 X 10 1<3 n/cm 2 . It can also be seen that the change in DBTT 
seems to reach a maximum between 1 X 10 xe and 1 X 10 1<y 
n/cm 2 . This, perhaps, indicates that a saturation level of 
radiation defects is reached near this level, and that 
further irradiation does not produce additional changes in 



the mechanical properties. 



When considering a steel for use in the pressure 
vessel for a reactor one must consider that the reactor 
operating temperatures are normally in the range of 450° - 
550°F. Steele and Hawthorne of NRL irradiated A302-B and 
HY-80 at 540°, 640°, and 740°F to an integrated flux of 
3 X lO 1 ^ n/cm 2 , C14D. The results for the A302-B steel ma 

be noted from the triangle points in Figure 22, which also 
shows the results of some other pressure vessel steels. 
Figure 23 shows the results for the HY-80 steel - 




Fig. 22 Increase in the NDT resulting from irradiation 
at higher temperatures (Ref. C31) 
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Temperature, F 



Fig. 23 Transition temperature shifts resulting -From 
elevated temperature irradiation of HY-80 
steel (Ref. £3,143) 

From Figures 22 and 23 it can be seen that the two 
steels behaved similarly at 540° and 640°, but at 740° the 
HY-80 steel had a much greater shift in the transition 
temperature than had occurred at lower temperatures, and 
greater than that of the A302-B steel . Subsequent heat 
treatment of the HY— 80 steel at the irradiation temperature 
for an equivalent period of 2,000 hours, showed that thermal 
embrittlement alone would not account for the increased 
transition temperature, £3,143. 

In another annealing experiment with A302-B and HY-80 
steel, Steele and Hawthorne found significantly different 
recovery aspects of the two steels- Annealing at 800°F gave 
about 63X recovery of the transition temperature shift for 
A302-B irradiated at 640°, but no recovery in HY-80 
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irradiated at the same temperature. Table 2 lists the data 
-From their experiment. It can be noted that the transition 
shi-Fts on irradiation at 640°F had been the same -For both 
steels. The researchers suspect that the presence of nickel 
and chromium affect the annealing behavior of the HY— 80 
steel after irradiation at high temperatures. Additional 
testing needs to be conducted to confirm or dispute these 
theories. Obviously, the ability of a metal to recover from 
radiation damage through annealing is a property that is 
desirable in a pressure vessel steel - 

Table 2 Comparison of recovery character i st i cs of HY-80 
and A302— B steels irradiated at 540° and 640°F 
(Ref. £2, 143 > 



As irradiated 
AT C F 


Postirradiation 

anneal 


c 


Recovery 

F % 


AT 

after anneal 


r-so 


A302B 


HY-SO 


A302B 


HY-SO 


A302B 


HY-SO 


A302B 


145 


165 


750 F, 24 hr 


50 


SO 


34.5 


48.5 


95 


85 






750 F, 72 hr 


60 


100 


55.0 


60.5 


65 


65 






600 F, 24 hr* 


70 


100 


48.5 


60.5 


75 


65 


no 


no 


S00 F, 24 hr 


0 


70 


0 


63.5 


110 


40 






* Exploratory spot check with limited specimens. 









NRL researchers, as reported in NRL Memorandum Report 
1808, £ 153 , found the changes in the DBTT for HY-80 steel 

for several fluence levels at less than 450°F to be as shown 
in Table 3. Representati ve values for A302-B steel are also 



shown . 



Table 



Ductile-brittle transition temperatures -for HY-80 
and A302-B steel as determined by Charpy V 
(30 Ft. Lb. ) (Ref. C14J) 



Neutron fluence 
(10 1€? n/cm 2 ) 


HY-80 DBTT 
(°F) 


A302-B DBTT 
(°F) 


0 


-220 


+ 15 


0.85 


- 


+245 


2.3 


+50 


+315 


9.5 


+300 


+415 



When observing the high DBTT shown in Table 3 it must 
be kept in mind that these figures are for temperatures less 
than 450°F. Thus, there is limited recovery due to 
annealing. In actual application where recovery due to 
annealing takes place during reactor operation at high 
temper atures , the DBTT for the pressure vessel steels are 
considerably lower than those indicated. 

As discussed previously, neutron irradiation also 
increases the yield and tensile strengths of steels. In 
pure iron, D. Hull and I. L. Mogford found a measurable 
increase in yield strength with integrated fluxes as low as 
1 X 10 l45 » n/cm 2 , C3,163. In alloy steels, however, 
researchers have determined only a few results for 
integrated fluxes less than 1 X 10 1 * 7 n/cm 2 . A considerable 
amount of data is available for fluences in the range 
1 X lO 1 ^ to 4 X 10 1 * 7 n/cm 2 , and a fair number of results are 
available for even higher fluences, C33. Figure 24 shows a 
plot of how yield strength increases after irradiation at 



500°F . Thi^ plot is general in nature and mainly conveys an 
idea of the magnitudes involved- As seen in the figure, 
there is a rapid increase in yield strength between 1 X 10 1<y 
and 4 X 10 1,y n/cm 2 . This range corresponds reasonably well 
with the fluence range where there is a large increase in 
the change in DBTT as previously discussed about Figure 21. 




Integrated Neutron Flux, n/cm 2 (> I Mev) 



Fig. 24 Yield strength increases of carbon and alloy steels 
after irradiation at temperatures to SOO^F 
(Ref. C31 ) 



L. P. Trudeau, C3,171, tested HY-80 steel and found 
yield and tensile strength increases as shown in Table 4 on 



the next page. 



Table 4 Tensile properties of HY-80 steel (Ref. C3,17!3) 



Exposure 

(n/cm 2 ) 


Irradi ation 
Temp (°F) 


Yield strength 
(10 3 Dsi ) 


Tensile strength 
(10 3 osi ) 


0 


- 


103 


117 


2.5 X 10 1 * 9 


150 


156 


161 


5 X 10 19 


150 


176 


176 



As seen in Table 4, for a fluence of 2.5 X 10 1S> the 
yield stength increases by 53,000 psi , and the tensile 
strength increases by 44,000 psi. These are increases of 
about 517. in yield strength and 377 for tensile strength. 
Likewise, at a fluence of 5 X 10 1<? the increases were 73,000 
psi and 59,000 psi respect i vel y . These figures correspond 
reasonably well with the HY-80 testing results by NRL 
researchers as reported in NRL Memorandum Report 1808, L153. 

Figure 25 shows the tensile properties of HY-80 steel for 
the indicated irradiation conditions as tested by the NRL. 

At room temperature, for a fluence of 2.3 X 10 1 ** n/cm 2 , 
Figure 25 shows an increase in yield strength of about 

50.000 psi, and an increase in tensile strength of about 

33.000 psi. These are increases of about 577 for yield 
strength and 317 for tensile strength. 
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REDUCTION STRENGTH (KSI) 

OF AREA (%) 




TEMPERATURE (°F) 



5 The tensile properties oF HY— 80 steel to 750°F For 
the indicated irradiation conditions (ReF. C153) 



Fig 



Figure 25 also shows the effect on the tensile 
properties of HY-80 steel at temperatures up to 750°F. It 
can be seen that as the irradiation temperature rises, the 
change in the tensile and yield strength decreases- This is 
due to the annealing effect of the elevated temperatures. 

At 750° the recovery due to annealing is complete to the 
point that there is no appreciable change in the yield and 
tensile strengths from the non-irradiated conditions- In 
fact, it appears from Figure 25 that in addition to leading 
to the recovery of the radiation defects, the high 
temperature of 750° also annealed some of the original 
manuf acturi ng defects that were in the metal, as evidenced 
by a slightly lower yield and tensile strength than at the 
unirradiated conditions- This finding appears at first 
glance to be in conflict with a previous finding when 
discussing Table 2 where the same researchers found no 
recovery of HY-80 steel that was irradiated at 640° and then 
annealed at S00°F. However, the conditions of the 
experiments were different, and the two experiments cannot 
be directly compared. 

In 1967, M. Hasegawa of Japan completed the testing of 
several pressure vessel steels, including HY— 80- The 
results of these tests were reported to the American Society 
for Testing and Materials (ASTM) , and then included in ASTM 
STP 457, C18!l. Hasegawa not only tested U. S. Navy HY-80 

steel, but he also tested several Japanese steels that were 
very similar to HY— 30- The symbols and compositions of 
these steels are shown in Table 5- The symbol SIC3— ASA is 



the U. S. Navy HY-80 steel, and the symbol SIC3-ASE is 
another HY— 80 class steel provided to Hasegawa as a 
reference steel for testing. The other listed symbols 
represent Japanese steels. 



Table 5 Check analyses of HY-80 specimens tested 
(Ref. C 181 ) 







iDgOt 

Weight, 

kg 


Plate 






Check Analysis, percent 






Symbol 


Melt- 

ing 


Thick- 

ness, 

mm 


C 


Si 


Mn 


P 


S 


Cu 


Cr 


Mo 


Ni 


HY-80 


























FS3-20 


B.E.A.F. 


10,000 


20 ' 


0.14 


0.23 


0.31 


0.007 


0.005 


0.10 


1.03 


0!32 


2.49 


YS3-35 


B.E.A.F. 


.2,800 


35 


0.15 


0.14 


0.86 


0.018 


0.010 


— 


1.54 


0.61 


4.28 


SIC3-ASE 
(ASTM ref) 


B.E.A.F. 


— 


76 


0.14 


0.18 


0.20 


0.011 


0.015 


0.065 


1\61 


0.50 


3.01 


SIC3-ASA 

(A543) 


B.E.A.F. 


20,000 


203 


0.17 


0.29 


0.38 


0.013 


0.023 




1.88 


0.51 


3.65 



The results of Hasegawa's postirradi ati on tension 
tests and the shifts in transition temperatures as 
determined by Charpy V— notch impact tests are summarized in 
Table 6 and Table 7 respectively on the following page. 
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Table 6 



Results ot pre- and posti rradi at i on tension test 
at room temperature (Ret. CIS!) 



Steel 


Symbol of 
Specimen 


Plate 

Thick- 

ness, 

mm 


Conditions of 
Irradiation 


Yield Strength, 
kg/mm 2 


Tensile Strength 
kg/mm 2 


Irradi- 
ation 
Temper- 
ature, C 


Dosage 
X 10 19 
(n/cm 2 , > 
lMeV) 


Pre- 

irra- 

dia- 

tion 


Post- 

irra- 

dia- 

tion 


A :c rs 
Shift 


Pre- 

irra- 

dia- 

tion 


Post- 

irra- 

dia- 

tion 


A :<r b 
Shift 


HY-80 


FS3-20 

YS3-35 


20 

35 


75 ± 10 
75 + 10 


2.6 

2.6 


74.0 

71.5 


103.7 

10-2.5 


+29.7 

+31.0 


80.6 

8S.6 


104.7 

104.6 


+24.1 
+ 16.0 



Table 7 



Results o-f pre- and post i rradi at i on Charpy V-notch 
impact tests (Ret. C183) 



Specimen 


Conditions of 
Irradiation 


Tr30 or Tr35, C 


Symbol 


Plate 

Thickness, 

mm 


Tempera- 

ture, 

C 


Fluence 
n/cm 2 
X 10 19 


. Pre 7 
irradi- 
ation 


Post- 

irradi- 

ation 


ATr30 
or 35 


FS3-20 


20 


75 ± 10 


3.0 


-135 


' 4 


+ 139 


FS3-HS • 


20 


75 ± 10 


3.0 


-166 


-52 


+ 114 


YS3-35 


35 


75 ± 10 


2.9 


-54 


83 


+ 137 


SIC3-ASE 


76 


75 ± 10 


3.0 


-145 


63 


+ 208 


SIC3-ASA 


203 


75 ± 10 


3.0 


-17 


150 


+ 167 



The strength -Figures in Table 6 are given in Kg/mm 2 , 
but these convert to values o-f psi that compare -favorably 
with previous HY-80 testing results. The change in yield 
strength -for the FS3-20 steel was 42,240 psi, and -for the 
YS-3-35 steel it was 44,090 psi. The change in tensile 
strength tor these two Japanese steels was 34,260 psi and 
22,770 psi respectively. As seen previously, the yield 
strength increases more than the tensile strength, 
indicating a loss o-f ductility. These changes correlate to 
an increase in yield strength o-f about 40 7, -for the two 
steels and an increase in tensile strength on the average o-f 
about 247.. These relative changes in the strengths are less 
than those seen by Trudeau or by the NRL researchers, but 
they do -follow the same trends. 

Figure 26 shows the increases in DBTT -for the HY-80 
steels tested by Hasegawa as compared to trends established 
by researchers at the U. S. NRL and to trends established by 
G. F. Carpenter, C19!. As can be seen in Figure 26, the 
reference specimens, SIC3-ASE and SIC3-ASA, -fell within the 
NRL trend bands. It is also clear -from the graph, that the 
majority o-f the Japanese domestic steels were less sensitive 
to the irradiation than the two U.S. specimens, as evidenced 
by their smaller change in DBTT, £183. 
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Fig. 26 DBTT changes of HY-80 steels as compared to trends 
established by NRL and by Carpenter (Ref. 1131 

In September 1966 NRL researchers led by L. E. Steele 
reported in NRL Report 6419 the results of a study done on 
several higher strength steels, C203. This NRL report was 
then included in ASTM STP 426, C213. Steele and company 

conducted this testing for two major reasons. First, the 
ever growing size of nuclear reactors was placing severe 
demands on the widely used ASTM type A302-B pressure vessel 
steel - requiring its use in thicknesses of 12 inches or 
greater for some advanced pressur ized— water reactors. 

Second, the problem of neutron embrittlement with some of 
the pressure vessel steels in use suggested the desirability 
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o -f -finding steels which exhibit lower sensitivity, E21J. 
Although they did not test HY-SO steel in this group, they 
did test two Ni-Cr-Mo steels, one o-f which, 3. 5Ni -Cr-Mo , is 
-fairly similar in composition to HY-80 , and the other, 
7.5Ni-Cr-Mo, which is a much higher strength experimental 
steel- They also tested several other higher strength 
steels as well as A302-B and A212-B -for comparison- The 
researchers were primarily interested in the results o-f the 
Charpy V-notch impact test and the resultant shi-ft in DBTT. 

The chemical composition o-f the two Ni-Cr-Mo steels 
are shown in Table 8. 



Table 8 Chemical composition o-f 3.5Ni-Cr-Mo and 

7.5Ni-Cr-Mo steels (in percent) (Re-f- C21D) 



El ement 


3. 5Ni -Cr -Mo 


7. 5Ni — Cr — Mo 


c 


0. 17 


0. 12 


Mn 


0.38 


0.27 


Si 


0.29 


0.21 


P 


0.013 


0.008 


S 


0.023 


0. 008 


Ni 


i i 


7.38 


Cr 


1.88 


0.81 


Mo 


0.51 


0.97 


A1 


0.02 


0.034 


N 


0.010 


— 
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The initial values of the DBTT, yield strength, and 
tensile strength of these two steel is shown in Table 9. 
Representative values -for HY-80 steel are also shown -for 
compari son . 

Table 9 Mechanical properties o-f some Ni — Cr — Mo steels 
(Ref. 1211 ) 



Steel 


Charpy V 
DBTT (°F) 


Yield strength 
(KSI) 


Tensile strength 
(KSI ) 


3. 5Ni -Cr -Mo 


-130 


95.0 


122.0 


7. 5Ni — Cr-Mo 


-215 


148.8 


169. 4 


HY-80 


-145 


87.0 


1 05 . 0 



Figure 27 illustrates the Charpy V-notch test results 
o-f simultaneous irradiation o-f the reference A212— B steel 
and the 7.5Ni-Cr-Mo steel at temperatures below 280°F. 




27 Charpy V— notch ductility char acter i st i cs o-f the 
high strength 7.5Ni-Cr-Mo steel before and after 
irradiations to two neutron exposure levels at a 
temperature of less than 280°F (Ref. C211) 



Fig. 



After simultaneous irradiation to two exposure levels 
the results o-f the impact test suggest a much lower 
sensitivity to radiation embrittlement on the part of the 
high strength steel when compared with the A212-B steel as 
seen in Figure 27. Notice also that the transition 
temperature increase for the high strength steel (165°F 
after an exposure of 3.4 X 10 ic * n/cm 2 ) results in a 30 
Ft. Lb. fix point (-50°) which is 55° less than the 
unirradiated starting point for the A212-B steel and 345° 
below the as-i rradi ated transition temperature for the 
A212-B steel. Noteworthy for both steels are the relativel 
small increases in transition temperature for the 3.4 X 10 1 
exposure over that observed for the 1.1 X 10 1 ** exposure. 
This is a marked indication of radiation damage saturation, 
Z211. 

Table 10 shows the comparative embrittlement of these 
Ni-Cr— Mo steels with the reference steels after irradiation 
at less than 250°F. Of these steels only the 
7. 5Ni -Cr -Mo steel showed a significantly lower 
embrittlement. The others show a DBTT change at both 
irradiation levels which are so similar that no meaningful 
di f f erent i at i on is possible, C21D. 



Table 10 Comparative embr i tt 1 ement of several steels 
irradiated simultaneously at <250°F based on 
Charpy V-notch tests (Ref. C21D) 



Steel 


Thickness, 
i n. 


Initial C v 
Value 30- ft 
• lb, deg F 


Experiment A 
1.1 X lO 1 ’ n/cm- 


Experiment B 
3.4 X 10 15 n/cm 2 


Irradiated 
Value 30- 
fl* lb, deg F 


A7\ 
cleg F 


Irradiated 
Value 30- ft • 
t lb, deg F 


AT, 
cleg E 


>P-B 


4 


5 


250 


245 


295 


290 


;02-B 


6 


30 










5Ni-Cr-Mo 


S 


-130 


SO 


210 


200 


330 


5Ni-Cr-Mo 


1 


-215 


— S5 


130 


-50 


165 



For comparison of embrittlement sensitivity with 
elevated temperature irradiations, the NRL researchers chose 
550°F as the most representat i ve temperature of reactor 
pressure vessel conditions, and irradiated these high 
strength steels at 3.8 X 10 1€ * n/cm 2 . The results of this 
irradiation were suggestive of the potential advantage for 
the higher strength steels. Figure 28 shows the Charpy 
V-notch characteri sti cs of the two Ni-Cr-Ho steels and 
A302-B steel. The variation in irradiation embrittlement 
sensitivity among the three may be compared by the relative 
upward shift of the individual curves. 




Fig. 28 Charpy V-notch ductility characteristics of three 
steels of different strength levels after 
simultaneous irradiations at 550°F (Ref. C213) 



Table 11 shows the embrittlement of these Ni-Cr-Mo 
steels with the reference steels after irradiation at 550°F. 
The potential advantage of the high strength steels can be 
measured in terms of both low initial transition temperature 
and small sensitivity to radiation embrittlement, C211. The 
7.5Ni-Cr— Mo steel shows almost no increase in DBTT. The 
3«5Ni— Cr— Mo is more sensitive than the 7.5Ni-Cr-Mo, but 
again shows a much less transition temperature increase than 
the A302-B. Addi t i onal 1 y , the very low initial DBTT of this 
steel coupled with the small radiation induced increase 
results in a DBTT of — 40°F after irradiation, which is 70° 



below the initial point -for the unirradiated A302-B. The 
NRL researchers point out that when one considers that this 
exposure temperature o-f 550° is representative of the 
operating temperature level of most commercial reactor 
vessels and that the exposure of 3.B X 10 x<y n/cm 2 is greater 
than that expected for most reactor vessels, it is 
reasonable to assume that the vessel embrittlement problem 
may be minimized if not eliminated in future reactors by 
careful selection of the pressure vessel steel, C21J. 

Table 11 Charpy V-notch ductility char acter i sti cs of 

several steels irradiated simultaneously at 550°F 
to 3.8 X 10 x,y n/cm 2 (Ref. 1211 ) 



Steel 




30- ft - lb Transition Temperature, deg F 


i niLrinc^s, in. 


Initial 


Irradiated 




12-13 


4 


5 


190 


185 


02 -B 


6 


30 


190 


160 


; Ni-Cr-Mo 


8 


-130 


-40 


90 


'Ni-Cr-Mo 


1 


-215 


-200 


15 



The NRL researchers, in summarizing their results, 
made the following comments, C211. 

1. The higher strength steels exhibit a general 
trend toward lower initial NDT. 

2. Along with higher strength and lower initial 
NDT, there is also a tendency for smaller radiation induced 
increases in transition temperature for the higher strength 
steels. 






3- There appears to be a general tendency tor 
earlier saturation of radiation embrittlement with 
i n cr eas i ng strength - 

4. A marked and progressive advantage in terms 
of lower radiation embrittlement is observed with the higher 
strength steels irradiated at 550°F. 

In summarizing this section and the previous research 
done on the mechanical properties of irradiated HY-80 steel 
the following is noted: 

1- Irradiation effects on the mechanical 
properties of reactor structural materials, including HY— 80 
steel, do not generally become evident until fluences of 
over 1 X lO 1 ® n/cm 2 have been accumulated. 

2. HY-80 and other high strength steels are 
less sensitive to the effects of neutron irradiation. 

3. The unirradiated NDT for HY-80 steel is very 
low and is on the order of -150°F. After irradiation the 
shift in the DBTT for HY-80 steel is such that its value is 
generally less than the unirradiated DBTT for some commonly 
used pressure vessel steels. 

4. After irradiation of about 3 X 10 AC? n/cm 2 
the yield strength of HY-80 steel increases around 40-50X, 
and the tensile strength increases around 20-30>C. 

5. Ductile-brittle transition temperature 

shifts of HY-80 steel when irradiated at lower temperatures 
(<450°F) are on the magnitude of 175°— 200°. At elevated 

temperatures the shift is 75°— 100° less. 



6- Recovery o-f irradiated HY-80 steel during 
annealing is not as complete as that seen in most steels 
used in pressure vessel construction. 
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V. 



EXPERIMENTAL DESCRIPTION AND RESULTS 



This section discusses the research conducted by the 
author on HY-80 steel at the Pennsylvania State University's 
Breazeale Reactor. The purpose of this research was to 
determine if lower levels of fast neutron fluence, less than 
or equal to 1 X 10 1Q n/cm 2 , produced measurable changes in 
the mechanical properties of HY-80 steel when the 
irradiations and testings were conducted at ambient 
temperatures. Previous research on the topic has been 
conducted almost exclusively at fluence levels greater than 
1 X 10 1S n/cm 2 and at elevated temper atures . Very little 
previous research has conclusively shown that the lower 
radiation levels produce measurable changes in the tensile 
strength, hardness, or the impact resistance of this steel. 
Due to time constraints it was decided to irradiate to two 
fluence levels. These levels were 5 X 10 17r n/cm 2 and 
1 X 10 1S n/cm 2 . After irradiation, the samples were allowed 
to decay in order to reduce activity levels. They were then 
tested to measure the effects the irradiation had on their 
mechanical properties. The tests performed were the tensile 
test to determine the yield strength and the ultimate 
tensile strength, the Charpy V-notch impact test to 
determine the toughness, and the Rockwell C hardness test to 
determine hardness. 

The discussion is divided into the following 
subsections: 



A. Method 



B. Results 

C. Discussion of Results 

D. Conclusions 

A- Method 

Three different sample sizes were used - one for 



tensile testing, one for toughness testing, and one for 
hardness testing- All specimens were machined from 1" thick 
HY-80 steel plate utilizing ASTM specifications found in 
reference C22J- The dimensions for the hardness sample are 
shown in Figure 29. The tensile specimen speci f i cat i on for 
a subsize sample was used as shown in Figure 30- The 
specification for the Charpy V-notch sample is shown in 
Figure 31 as the Type B specimen. 








Fig- 29 Dimensions for hardness specimen 




- T 







Standard Specimens 




Subsize Specimen 




Plate-Type, 

1 l / 2 -in. Wide 


Sheet-Type, 
*/ 2 -in. Wide 


'/4-in. 


Wide 




in. 


mm 


in. 


mm 


in. 


mm 


G — Gage length (Notes 1 and 2) 


8.00 ± 


200 ± 


2.000 ± 


50.0 ± 


1.000 ± 


25.0 * 




0.0 1 


0.25 


0.005 


0.10 


0.003 


0.08 


W— Width (Notes 3, 4, and 5) 


1 Vl + Vs 


40-1-3 


0.500 ± 


12.5 ± 


0.250 ± 


6.25 ± 


T — Thickness (Note 6) 


- Vi 


- 6 


0.010 0.25 

thickness of material 


0.002 


0.05 


R — Radius of fillet, min 


V 2 


13 


x h 


13 


Vi 


6 


L — Over-all length, min (Notes 2 and 7) 


18 


450 


8 


200 


4 


100 


A — Length of reduced section, min 


9 


225 


2Vk 


60 


1 Vi 


32 


B — Length of grip section, min (Note 8) 


3 


75 


2 


50 


1 V4 


32 


C— Width of grip section, approximate 
(Notes 4, 9, and 10) 


2 


50 


J A 


20 


■Vs 


10 



Fig. 30 Speci t i cat i ons for tensile specimen (Ret. C22D) 






55 mm 
(2.I6S ")' 



Smm. 

(0.3 /S") 



iCmm 
( 0.9 94 "J 



iOrr.m. 

(0.393") 



TYPE. A 



Smm. 

(0.197") 



_/C 

/ 



0.2 Smm. 
'(0.0/0") rod. 



I? 


t 

. 10 mm 
(0.J$3V 


t 


jt 


55 mm. 


♦ 


i 

' /Onm. 


_\[ 


( 2.'65 "/■ 


ir pc Q 


(0.394 V 





Zmm . 

['(0.079") 



f.6mm. (fc) OR LESS 



Note — Permissible variations shall be as follows: 
Adjacent sides shall be at 
Cross section dimensions 
Length of specimen 
Angle of notch 
Radius of notch 

Dimensions to bottom of notch: 

Specimen, Type A 
Specimen, Type B 
Finish 



90 deg ± 10 min 
±0.025 mm (0.001 in.) 

+ 0, -2.5 mm (0. 100 in.) 

± 1 deg 

±0.025 mm (0.001 in.) 

8 ± 0.025 mm (0.315 ± 0.001 in.) 

5 ± 0.05 mm (0.197 ± 0.002 in.) 

63 /un. (1.6 Mm) max on notched surface and opposite 
face; 125 Min. (3.2 Mm) max on other two surfaces 



Fig. 31 Specifications tor impact test specimen (Ret. C223) 



The subsize specimen was used -for the tensile 
testing, and the hardness specimens were made as small as 
practical in order to minimize total activity during the 
experiment- Four tensile specimens, tour impact specimens, 
and two hardness specimens were irradiated at each ot the 
two f luence levels- The ten samples tor each tluence level 
were wired together as compactly as possible in order to 
receive as unitorm a tlux as possible within the constraints 
ot the sample irradiation tubes. 

Over the course ot the experiment the samples were 
placed within two ditterent sample tubes that were then 
positioned near the reactor tor irradiation- Both sets ot 
samples received their tirst portion ot radiation in a 
sample tube that was placed on the instrument bridge and 
then positioned against the core- This tube will be called 
Tube A. Figure 32 shows a diagram depicting this 
arrangement- The samples were tied to a string and wire 
assembly that positioned them in the slot at the bottom ot 
the tube. To achieve the desired neutron spectrum, a 
thermal shield was placed around and within the tube. The 
shield reduced thermal neutron and gamma radiation, and 
allowed predomi nant 1 y the -fast neutrons to pass through and 
hit the samples. Figure 33 is a more detailed drawing ot 
the lower portion ot the tube showing the shielding 



ar r angement - 




Fig. 32 Tube A irradiation arrangement 

The shield includes a cylindrical 2 inch thick by 
15 inch high lead gamma ray shield inside the bottom of a 
6 1/2 inch diameter aluminum tube. The exterior of the tube 
is wrapped by a cadmium sheet and a 1/4 inch boral plate to 
reduce the thermal flux to the order of about 60% of the 
fast neutron flux, C233- A shield plug, not shown, is also 
placed in the tube to provide biological shielding during 
irradiation of the sample. A C0 2 purge is put in the tube 
during irradiation to reduce argon 41 generation. 




Fig. 33 Tube A shielding design 

To reduce the time needed to complete the 
experiment and to eliminate the need to maintain a C0 2 purge 
during irradiation, a new sample tube was constructed. This 
tube will be called Tube B. The remainder of the radiations 
of both sets of samples was conducted utilizing Tube B. 

This tube was designed using the same shielding criteria as 
used in Tube A except for the gamma ray lead shield, which 
was not included. It was felt that the effects of the gamma 
rays and of any gamma ray heating would not influence the 
results of the experiment. Tube B was also designed to be 
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placed directly on the reactor's 1 ower grid plate instead of 
on the instrument bridge, thereby simplifying instal lation. 
Additionally, the smaller enclosed volume of Tube B 
eliminated the need for a C0 2 purge during radiation- The 
design of Tube B, where the major volume of the sample tube 
is under water with only a small vent through the top, 
reduced the excessive streaming effect of radiation out of 
the top of the tube that was seen in Tube A. This allowed 
for the irradiations to be conducted at higher reactor power 
levels- Figure 34 shows the irradiation arrangement for 
Tube B, and Figure 35 shows the basic design of Tube B- 



Upper grid plate 




C 




Active fuel region 

15 inches 



\ 



Lower grid plate 




Fig- 34 Tube B irradiation arrangement 




Fig. 35 Tube B shielding design 

Based on previous research conducted with Tube A 
at the reactor , it was known that for a reactor power of 
100KW the fast neutron flux within the tube was 1 X 10 11 
n/cm^-sec. This equates to a flux of 1 X 10 12 n/cm 2 -sec at 
1 MW of reactor power. 

To determine the fast neutron flux levels within 
the new tube, flux measurements were taken utilizing sulfur 
pellets. The pellets were situated near the bottom of the 
tube as shown in Figure 36. The neutron flux based on the 



activity of the sulfur pellets is shown in Table 12 
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Fig. 36 Sul -fur tablet arrangement in Tube B 



Table 12 Fast neutron -flux in Sample Tube B 



Distance from bottom 
o-f tube (inches) 



Flux at 1 MW 
(n/cm 2 -sec ) 



3-5 


1.4838 X 


10 13 


6.5 


1.7256 X 


10 13 


9.5 


1.6354 X 


10 13 


12.5 


1.2848 X 


10 13 


15.5 


7.896 X 


10 12 
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Since the steel specimens were positioned within 



the bottom 10 inches of the tube, an average flux for that 
region was calculated and used to determine the time length 
of i rr adi at i ons. The average flux used was 1.6 X 10 13 
n/cm 2 - sec for a power of 1 MW. 

A summary of the irradiations conducted on the 
samples is shown in Table 13. Group 1 samples are those 
samples that received a total irradiation of approx i matel y 
5 X 10 lir n/cm 2 , and Group 2 samples are those that received 
an irradiation of 1 X 10 1Q n/cm 2 . 



Table 13 Irradiation summary of the HY-80 samples 



Tube, Irradiation 
Time, and Flux 


Group 1 Fluences 
(n/cm 2 ) 


Group 2 Fluences 
(n/cm 2 ) 


A - 5.36 MWHrs. 
& 1 X 10 12 


1.9296 X 10 1A 


1.9296 X 10 1A 


B - 8.43 MWHrs. 
@ 1.6 X 10 15S 


4.85568 X 10 ^ 


4.85568 X 10 17 


B - 8.6 MWHrs. 
€ 1.6 X 10 13 


- 


4.95136 X 10 17> 


Total Fast 


Neutron Fluence 
Recei ved 


5.04864 X 10 17 


1.0 X 10 1Q 



Irradiations were completed on 24 July 1986 for 
the Group 1 specimens, and on 15 August 1986 for the Group 2 
specimens. Both sets of samples were then allowed to decay 
in the reactor pool for at least four weeks prior to any 
handling or testing. 
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The machine used -for the tensile testing was an 
Instron Universal Testing Instrument, Floor Model TT— D. The 
Charpy impact testing machine was a Rienle Precision Impact 
Tester. The hardness testing machine was a Rockwell 
Hardness Tester manufactured by the Wilson Mechanical 
Instrument Company. All testing equipment was properly 
calibrated and in proper working order except the Riehle 
Impact Tester. This machine was not routinely used and was 
not calibrated- However, as long as the machine was 
consistent, it was -felt that the testing results would still 
show the proper trend in the changes o-f the material's 
toughness, even i-F the actual values were not accurate. 

In all three types o-f testing, several non- 
irradiated samples were -first tested in order to establish 
the non-irradiated mechanical properties o-f the HY— 80 steel. 

During all handling and testing o-f irradiated 
specimens, proper radiological controls and procedures were 
utilized- On 15 October, at the time o-f testing, the 
radiation level readings -for the individual tensile and 
impact specimens o-f Group 2 were approx i matel y .5 mR/Hr. at 
a distance o-f 1 -foot. The radiation level -for the Group 2 
hardness specimens was appr ox i matel y .1 mR/Hr- at 1 -foot. 

The radiation levels -for the Group 1 samples were 

approx i mate! y one hal-f the value o-f the levels o-f the Group 



samples. 



B 



Resul ts 



The results of the tensile testing is shown in 
Table 14. The yield strength was determinied by the .2 V. 
offset method. The values shown are the mean values for the 
number of samples tested. The standard deviation in 
percentage is also shown. 



Table 14 Results of tensile testing 



Samples 


Yield 

Strength 

<DSi ) 


UTS 
(psi ) 


V. Increase 
in Yield 
Str enqth 


7. Increase 
in UTS 


Non- 


86 , 680 


1 03 , 680 








i rr adi ated 


(+/- .987.) 


<+/- 1.317.) 






Group 1 


90,800 


10/, <j60 


4.75 


O . u u 


(5 X lO 1 ^) 


<+/- 1.07.) 


( + /- 1.47.) 






Group 2 


9 1 , 360 


107,820 


5.4 


4.0 


(1 X 10 1Q ) 


(+/- 1.477.) 


(+/- 1.747.) 






The results of 


the hardness 


testing is 


shown in 


Table 15. 


All values are Rockwell C 


(HRC) scale 


units. The 


values shown are the mean values for 


the number 


of tests 



conducted on the samples. Also shown is the standard 
deviation in percentage for each value. 
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Table 15 



Results o-f hardness testing 



Samples 


Hardness (HRC) 


"X Increase 
in Hardness 


Non-i rradi ated 


17.22 

(+/- 10.37.) 


- 


Group 1 (5 X 10 x ' z ) 


17. 8 

(+/- 7.357.) 


3.37 


Group 2 (1 X 10 1 ®) 


18.57 
(+/- 5.87.) 


7.87 


The results 


o-f the Charpy V-notch impact testing 


is shown in Table 16. 


Again, the values 


shown are the mean 


values to r the samples 
shown in percentage. 


tested with the standard deviation 


Table 16 Results 


o-f Charpy V-notch 


impact testing 




Energy 


X Decrease 




Absorbed 


o-f Energy 


Samples 


(FT. LBS. ) 


Absorbed 


Non— i rradi ated 


27 

(+/- 14.37.) 


- 


Group 1 (5 X lO 1 ^) 


27.25 
(+/- 5.57.) 


-1.857. 


Group 2 (1 X 10 ie > 


29.5 

(+/- 8. 17.) 


-9.267. 
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c. 



Discussion of Results 



In examining the results of the tensile testing 
as seen in Table 14, a measurable increase in the yield 
strength and the ultimate tensile strength is apparent- The 
samples irradiated at 5 X 10 X7r n/cm 2 had an increase of 
4.75/1 in yield strength, and an increase of 3.55/1 in UTS. 

The samples iradiated at 1 X 10 1Q n/cm 2 had larger increases 
in yield strength and UTS of 5.4/1 and 4-OX respectively. 

Even when taking into account uncertainties in the figures 
as shown by the standard deviation, these tests do show a 
trend of increasing strength with increasing neutron 
fluence. In both sample groups, the increase in yield 
strength was greater than the increase in UTS. This change 
leads to a reduction in the area under the str ess-strai n 
curve which is an indication of the material being less 
tough . 

The results of the hardness testing shows a trend of 
increasing hardness with increasing neutron fluence as seen 
in Table 15. For the Group 1 samples an increase in 
hardness of 3.37X was measured, and for the Group 2 samples, 
an increase in hardness of 7.87X was measured. Because the 
larger values calculated for the standard deviations in 
these figures overlap between the non-irradiated and the 
irradiated samples, the confidence of this accessment is not 
as high as that for the tensile specimens. However, when 
coupled with the tensile testing results and considering 
that hardness changes generally coincide with changes in 
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tensile strength, the results do tend to indicate a slight 
increase in hardness. 

In examining the Charpy V— notch impact testing 
results it is -first noted that the values determined -for the 
impact resistance are considerably less than would be 
expected. This was not unexpected because it was known that 
the testing machine was not in calibration, however, the 
testing results also do not show the trends that were 
expected. Previous studies have shown that increasing 
neutron -fluence levels decreases the toughness o-f a 
material. The results shown in Table 16 show the opposite 
trend. For the Group 1 samples, an increase in toughness o-f 
1.85"/, was measured. For the Group 2 samples, an increase o-f 
9.26X in toughness was measured. As in the hardness testing 
results, our confidence in these -figures is not high due to 
overlapping standard deviation, but the results still 
contradict the previous -findings. These results lead the 
author to suspect that either the accuracy o-f the impact 
testing machine is not good enough to di -f -f erenti ate any 
changes that may have been caused by these levels o-f 
irradiation, or that there may be some unknown mechanism 
taking place in the material's mi crostructure that does 
produce these contradictory effects at these -fluence levels. 

D. Conclusions 

To conclude the experimental results the -following 

is noted: 

1. A -fast neutron -fluence level o-f 5 X lO 1 " 7 
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n/cm 2 increased the yield strength of HY-SO steel by 4.75 /, 
and increased its UTS by 3.55/. It also increased its 
hardness by 3.37’/. 

2. A -fast neutron fluence level of 1 X 10 1Q 
n/cm 2 increased the yield strength of HY-80 steel by 5.4/, 
and increased its UTS by 4.0/. It also increased its 
hardness by 7.87/. 

3. The results of the Charpy V-notch impact 
testing is considered inconclusive. The results indicate a 
trend of increasing toughess with increasing neutron fluence 
vice the expected trend of decreasing toughness, while the 
tensile test results indicate that the material should be 
less tough. 

4. Although the percentage increases in tensile 
strength and hardness measured in this research are not 
high, and the confidence factor for some of the results is 
low, the trends seen do indicate that fast neutron fluence 
levels as low as 5 X lO 17, n/cm 2 cause measurable changes in 
the mechanical properties of HY— 80 steel. 
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VI. 



C0NCLUSIGN5 



Based on the results found in this research and on the 
results of work by others it is concluded that: 

1- The mechanical properties of HY-SO steel, like 
commonly used pressure vessel steels, are affected by fast 
neutron radi ati on - 

2. The steel's mechanical properties are affected 
because of radiation defects, caused by bombarding neutrons 
initiating collision cascades, that impede or prevent 
dislocation flow through the material. 

3- Previous research has shown that at high 
irradiation levels on the order of 3 X 10 1 * 7 n/cm 2 the 
tensile properties of HY-80 steel can be increased by as 
much as 50 %, and the ducti le-bri ttle transition temperature 
can be raised by several hundred degrees f ahrenheit. 

4- Based on the experimental results of this work, 

fast neutron irradiation levels as low as 5 X 10 1 ’ 7 ' n/cm 2 do 
cause measurable effects on the mechanical properties of 
HY-80 steel- These include: increasing the steel's yield 

strength by 4.75/1, increasing its ultimate tensile strength 
by 3-55"/, and increasing its hardness by 3-37/. 
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